-We previously demonstrated that, in nasal epithelial cells (NECs) from smokers, methylation of an antiviral gene was associated with impaired antiviral defense responses. To expand these findings and better understand biological mechanisms underlying cigarette smoke (CS)-induced modifications of host defense responses, we aimed to compare DNA methylation of genes that may play a role in antiviral response. We used a two-tiered analytical approach, where we first implemented a genome-wide strategy. NECs from smokers differed in the methylation levels of 390 genes, the majority (84%) of which showed decreased methylation in smokers. Secondly, we generated an a priori set of 161 antiviral response-related genes, of which five were differentially methylated in NEC from smokers (CCL2, FDPS, GSK3B, SOCS3, and ULBP3). Assessing these genes at the systems biology level revealed a protein interaction network associated with CS-induced epigenetic modifications involving SOCS3 and ULBP3 signaling, among others. Subsequent confirmation studies focused on SOCS3 and ULBP3, which were hypomethylated and hypermethylated, respectively. Expression of SOCS3 was increased, whereas ULBP3 expression was decreased in NECs from smokers. Addition of the demethylating agent 5-Aza-2-deoxycytidine enhanced ULBP3 expression in NECs from smokers. Furthermore, infection of differentiated NECs with influenza virus resulted in significantly lower levels of ULBP3 in cells from smokers. Taken together, our findings show that genomic DNA methylation profiles are altered in NECs from smokers and that these changes are associated with decreased antiviral host defense responses, indicating that epigenenic dysregulation of genes such as SOCS3 and ULBP3 likely impacts immune responses in the epithelium.
INDIVIDUALS CHRONICALLY EXPOSED to cigarette smoke (CS), either as smokers or through passive secondhand smoke exposure, experience increased risk of developing asthma, chronic obstructive pulmonary disease (COPD), cardiovascular disease, and lung cancer (37) . Smoking not only induces cellular damage and inflammation but also serves as an immunosuppressor (37) . Although the underlying molecular mechanisms of smoking-induced disease remain largely unknown, one of the proposed mechanisms involves epigenetic modifications (e.g., DNA methylation) that potentially alter gene expression profiles of CS-exposed target cells (15, 19, 22, 39) . Genespecific epigenetic regulation can occur through loss or gain of cytosine methylation in promoter-associated cytosine-phosphate-guanine (CpG) islands (33) . Increased methylation (i.e., hypermethylation) of promoter CpG islands commonly causes transcriptional silencing (15) . Conversely, decreased methylation (i.e., hypomethylation) of promoter CpG islands is commonly associated with transcriptional activation (15) . Because DNA methylation plays such a crucial role in gene expression regulation, it is imperative to study the epigenomic impact of CS exposure. Identifying DNA methylation profiles resulting from chronic CS exposure will increase the understanding of mechanisms underlying smoking-related diseases.
Exposure to CS is associated with immunosuppressive effects, including altered innate and antiviral immune responses at various levels. For example, virus-induced cytokine and chemokine expression is modified in CS-exposed epithelial cells (30) . We and others have previously demonstrated that CS exposure significantly alters interferon-dependent antiviral responses at the level of the epithelium (19, 40) . Exposure to CS also alters the ability of epithelial cells to communicate with resident immune cells, such as dendritic cells and Natural Killer (NK) cells in the context of viral infections (17, 18) . Activation and maturation of NK cells can be modulated by soluble factors released by epithelial cells, such as cytokines/ chemokines, as well as ligands expressed on epithelial cells directly interacting with NK cell surface receptors (5) . Our previous reports have demonstrated that exposure to the oxidant pollutant ozone modifies NK cell function through enhanced expression of major histocompatibility complex class I-related chain A/B (MICA/B) and UL16 binding proteins (ULBPs) on nasal epithelial cells (NECs), which are ligands for the activating receptor NKG2D expressed on NK cells (24) . However, the potential mechanisms by which exposure to CS modulates epithelial cell-NK cell interactions are not well understood.
NECs are among the first targets of both inhaled CS and respiratory pathogens, such as influenza, and therefore constitute an important first line of defense, yet mechanisms mediating immunosuppressive effects in the nasal mucosa are not completely understood. Recent investigations mostly conducted in cancer cells reveal DNA methylation as a potential regulator of immune processes, as genes associated with innate host defense responses, such as IRF7, IRF8, IFN-␥, and STAT1 have shown differential methylation (33) . We have previously demonstrated that IRF7, which is an important transcription factor during type I interferon-related host defense responses, is hypermethylated in NECs from smokers and that this effect was associated with reduced expression of IRF7 in the context of viral infection (19) . This initial study prompted us to conduct studies aimed at understanding whether there are additional DNA methylation changes in NECs from smokers that are associated with modified host defense responses.
In this study, we tested the hypothesis that smoking changes DNA methylation profiles in NECs, specifically impacting genes associated with influenza-induced defense responses and NK cell activation. Using NECs from human volunteers, genome-wide methylation levels were compared between cells from smokers and nonsmokers. From the genome-wide analysis, we demonstrate that there are 390 genes with differential methylation in NECs from smokers. Focusing on an a priori list of 161 antiviral response-related genes revealed five genes differentially methylated in NECs from smokers, namely CCL2, FDPS, GSK3B, SOCS3, and ULBP3. Confirmation studies uncovered a potentially important role for smoking-induced hypermethylation of ULBP3 and its suppressed expression in NECs from smokers.
MATERIALS AND METHODS
NEC collection and culture. Primary human NECs were collected from healthy smoking and healthy nonsmoking adult volunteers by gently stroking the inferior surface of the turbinate several times with a Rhino-Probe curette (Arlington Scientific, Arlington, TX). The selection criteria for subject recruitment were similar to those described previously (8, 41) . Briefly, all smokers recruited for the study were current smokers, and smoking status for all volunteers was confirmed by questionnaire and smoking history. Subjects were selected between the ages of 18 -40 yr and identified themselves as generally healthy and without a diagnosis for any smoking-related disorder or history of asthma. A summary of the subjects used for this study is detailed in Table 1 , along with their urine cotinine/creatine ratios, when available, as calculated in our previous study (8) . This protocol was approved by the University of North Carolina School of Medicine Institutional Review Board for Biomedical Research. Primary human NECs were expanded to passage 2 in bronchial epithelial growth medium (Cambrex Bioscience Walkersville, Walkersville, MD), grown in tissue culture flasks, and subsequently used for isolation of DNA.
DNA extraction and hybridization to Illumina Infinium assay. Cells were lysed with TRizol (Invitrogen, Carlsbad, CA), and DNA was extracted per the supplier's protocol (Invitrogen). The DNA was hybridized to the IlluminaHumanMethylation27 BeadChip (Illumina, San Diego, CA) at Expression Analysis (Durham, NC). A bisulfite conversion reaction was first performed using 500 ng of genomic DNA according to the manufacturer's protocol for the Zymo EZ DNA Methylation kit (Zymo Research, Irvine, CA). DNA was added to Zymo M-Dilution buffer and incubated for 15 min at 37°C. CT conversion reagent was then added, and the mixture was denatured by heating to 95°C for 30 s followed by incubation for 1 h at 50°C. This denature/incubation cycle was repeated for a total of 16 h. After bisulfite conversion, the DNA was bound to a Zymo spin column and desulfonated on the column using desulfonation reagent per the manufacturer's protocol. The bisulfite-converted DNA was eluted from the column in 10 l of elution buffer.
The bisulfite-converted DNA was next amplified, fragmented, and hybridized to the Infinium Methylation Assay and scanned. Briefly, 4 l of bisulfite-converted product was transferred to a new plate with an equal amount of 0.1 N NaOH and 20 l of MA1 reagent (Illumina) and then allowed to incubate at room temperature for 10 min. Immediately following incubation, 68 l of MA2 reagent (Illumina) and 75 l of MSM reagent (Illumina) were added, and the plate was incubated at 37°C overnight for amplification. After amplification, the DNA was fragmented enzymatically, precipitated, and resuspended in RA1 hybridization buffer. Fragmented DNA was then dispensed onto the multichannel HumanMethylation BeadChips, and hybridization was performed in an Illumina Hybridization oven for 20 h. Samples were randomly assigned to positions on the array. BeadChips were washed, primer extended, and stained per manufacturer protocols. BeadChips were coated and then imaged on an Illumina iScan Reader, images were processed, and data were normalized with GenomeStudio software (version 3.2) methylation module.
Analysis of CpG site methylation. Genomic DNA isolated from NECs from smokers and nonsmokers was analyzed for DNA methylation in promoter site regions using the Illumina Infinium array. This method quantifies methylation levels at 27,578 CpG dinucloeotides in the proximal promoter regions of 14,495 genes (3). The methylation status of the CpG sites are calculated as the ratio of fluorescent signal from one allele relative to the sum of both methylated and unmethylated alleles. The resulting average ␤-intensity signals, representing percentage of methylation, range from 0 (unmethylated) to 1 (fully methylated). Any records below detection limit were analyzed with ␤-values of 0.05, approximating the median ␤-value across all samples.
For the genome-wide analysis, differential methylation was defined as a significant difference in percentage of methylation between smoker samples vs. nonsmoker samples, where the following two statistical requirements were set: 1) a percentage change in ␤-intensity signal of Ն33.3% or ՅϪ33.3% (smokers vs. nonsmokers), and 2) ANOVA P value Ͻ0.05. ANOVA P values were calculated using Partek Genomics Suite software (St. Louis, MO). To test the potential influence of age, an additional statistical analysis was performed on a subset of genes. Here, a mixed model ANCOVA was carried out comparing methylation levels of smokers vs. nonsmokers while considering age as a covariate (Partek). Array data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/geo/) (11) and are available under accession number GSE28368.
To test whether ULBP3 methylation levels were related to cotinine levels, a correlation analysis was performed comparing the methylation array ␤-values for ULBP3 to the cotinine/creatinine ratios. This correlation analysis was carried out across all subjects, excluding subject 5, as cotinine/creatinine levels were not available for this subject. A Spearman Rank test was carried out using Spotfire (version 5.0.0; TIBCO Software, Somerville, MA) to correlate these two measurements.
A priori list of antiviral response-related genes. For the a priori list of antiviral response-related genes, a list was curated using the KEGG pathway database, release 65.0 (www.genome.jp/kegg/pathway.html). Specifically, genes encoded by proteins within the Influenza A Pathway and in the NK Cell-Mediated Cytotoxicity Pathway were curated. In the gene list related to the NK Cell-Mediated Cytotoxicity Pathway, we only focused on genes marked as involved in signaling of the "target cell" because those genes would likely be expressed in NECs. This list of genes was filtered to include only those represented by the Illumina methylation array. The resulting antiviral response-related genes were compared against genes identified as differentially methylated in smoker NECs to identify genes with altered methylation levels associated with CS that are involved in antiviral response signaling.
Network analysis. Molecular network analysis was performed using the Ingenuity database (Ingenuity Systems, Redwood City, CA). The Ingenuity database provides a collection of gene to phenotype associations, molecular interactions, regulatory events, and chemical knowledge accumulated to develop a global molecular network. The list of differentially methylated genes related to antiviral response was overlaid onto this global molecular network, where cellular networks strongly associated with the targets were algorithmically constructed based on connectivity. Statistical significance of the constructed network was calculated using a modified Fisher's Exact Test, based on the following equation (6):
Here, N is the total number of molecules in the global network of the database, which contains D total proteins encoded by differentially methylated genes. Each individual network contains n molecules, d of which are proteins encoded by differentially methylated genes. C is the binomial coefficient (6). The resulting P value indicates the probability of finding the observed number of molecules in a given network by random chance.
Real-time PCR. Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer instructions. First-strand cDNA synthesis and quantitative RT-PCR were performed as previously described (19, 20) . Primers and probes were commercially available (Applied Biosystems, Foster City, CA). In some experiments, NECs were treated with 5 M 5-Aza-2-deoxycytidine (5-Aza) (Sigma, St. Louis, MO) or DMSO vehicle each day for 3 days before isolation of total RNA.
Infection with Influenza A virus and analysis of ULBP3 expression. NECs were obtained and expanded as described above, followed by seeding of the cells on Transwell inserts and culturing at air-liquidinterface conditions for 3-4 wk to induce differentiation (16 -19) . Differentiated NECs were infected with Influenza A virus as described by our laboratory before (16 -19) . At 24 h postinfection, differentiated NECs from smokers and nonsmokers were digested for 30 min at 37°C in 1 ml RPMI, 15 g/ml DNAse I (Sigma), and 5 g/ml PronaseE (Sigma), as described by our laboratory before (24) . The digestion activity was stopped by adding 100 l FBS, the cell suspension was centrifuged (500 g, 10 min, 4°C), and the cell pellet was resuspended in 1 ml flow-staining buffer [PBS (without Ca 2ϩ and Mg 2ϩ ; Gibco, Carlsbad, CA), 1% heat-inactivated FBS, and 0.09% Sodium Azide (Sigma)]. Cells were incubated 20 min at room temperature in the dark with antibodies against human ULBP3 or its respective isotype control (IgG2, both from R&D Systems, Minneapolis, MN). All samples were analyzed within 24 h on a BD LSRII flow cytometer (BD Biosciences, San Jose, CA). Results obtained from cells infected with Influenza A were normalized to matched noninfected samples using cells from the same subjects and presented as fold induction of noninfected controls.
Statistical analysis for the RT-PCR. For the RT-PCR confirmation experiments, data were normalized to ␤-actin mRNA levels and analyzed using Student's t-test. For the flow cytometry data, results were analyzed using the Wilcoxon signed rank test to test the fold induction to a theoretical value of 1. For all experiments, a value of P Ͻ 0.05 was considered significant.
RESULTS

CS exposure impacts the DNA methylation profiles of hundreds of genes.
Genome-wide gene-specific DNA methylation profiles were analyzed using NECs collected from six healthy smokers and six healthy nonsmokers ( Table 1 ). The original nasal scrape biopsies were expanded in vitro, and genomic DNA was extracted from the expanded nasal cells and analyzed for DNA methylation in gene promoter regions using the Illumina Infinium assay. This assay measures the methylation levels of 27,578 CpG sites across 14,495 genes. We employed a comparative statistical approach to identify genes with differential DNA methylation resulting from CS exposure. A total of 390 genes showed differential methylation (ANOVA P value Ͻ0.05, percentage change in methylation ՆϮ33.3%) between NECs from smokers and nonsmokers (Fig. 1A , Supplemental Table S1 ; supplemental material for this article is available online at the American Journal of Physiology Lung Cellular and Molecular Physiology website). Of the CS-associated genes, 328 showed decreased methylation levels (i.e., hypomethylation) and 62 showed increased methylation levels (i.e., hypermethylation) in NECs from smokers compared with nonsmokers.
Antiviral response-related genes are differentially methylated in smokers. To focus on genes related to epithelial celldependent host defense responses in the context of influenza infections, we generated an a priori list of genes to be examined for differences in DNA methylation patterns. Because our previous studies identified differences in influenza-induced antiviral defense responses and NK cell activation in the nasal mucosa of smokers (17, 19, 24, 25) , we used the KEGG Pathway Maps related to the Influenza A Pathway and the NK Cell-Mediated Cytotoxicity Pathway to generate a list of 186 antiviral response-related genes, of which 161 were represented on the DNA methylation array ( Fig. 1B ; Supplemental Table S2 ). Based on this list, we identified five genes that were differentially methylated in NECs from smokers and nonsmokers (Fig. 1C) , with four genes being hypomethylated (CCL2, FDPS, GSK3B, and SOCS3) and one gene being hypermethylated (ULBP3) in NECs from smokers. The methylation levels of ULBP3 were correlated, to an extent (P ϭ 0.09), with cotinine/creatinine levels.
An additional statistical analysis was performed for these five antiviral response-related genes, where array-based methylation levels in smokers were compared against nonsmokers while adjusting for age. The P values of significance for CCL2, FDPS, and SOCS3 remained Ͻ0.05. The P values for GSK3B and ULBP3 increased slightly to 0.098 and 0.067, respectively. Nevertheless, the difference in methylation in ULBP3 between smokers and nonsmokers is still biologically relevant, as determined through additional in vitro and functional tests.
Network associated with DNA methylation contains SOCS3 and ULBP3 signaling. To understand cellular interactions related to antiviral responses that may be modified by CS-associated epigenetic changes, network analysis of the five antiviral response-related genes that were differentially methylated in smokers was performed. One significant (P Ͻ 10 Ϫ15 ) network was constructed containing interactions that may be epigenetically modified in NECs from smokers (Fig. 2) . The overall network was not modified by the removal of T cell receptor and granzyme K (granzyme 3, tryptase II), known proteins in-volved in signaling within immune cells (data not shown). This network contained signaling related to SOCS3 and ULBP3, among others. SOCS3 negatively regulates type I interferon signaling and during viral infections increased expression of SOCS3 is associated with suppressed antiviral host defense responses (27) . The gene ULBP3 is important for cell-cell communication during host defense responses, including activation of cytotoxic lymphocytes, such as NK cells. In addition, we have recently demonstrated that expression of ULBP3 on NECs modulates NK cell function (24) . Therefore, based on their known function, our previous results, and our networkpredicted interactions, we focused our subsequent analysis on SOCS3 and ULBP3.
In vitro confirmation of CS-induced changes in SOCS3 and ULBP3 expression in NECs. Using NECs from a separate cohort of smokers and nonsmokers, we confirmed DNA methylation changes using qRT-PCR. As expected, hypomethylation of SOCS3 was associated with increased expression of this gene in NECs from smokers (Fig. 3A) . Similarly, hypermethylation of ULBP3 was associated with decreased mRNA levels in NECs from smokers (Fig. 3B) . To determine whether the decreased ULBP3 expression in NECs from smokers was caused by methylation-dependent gene silencing, we treated NECs with the demethylating agent 5-Aza before analysis of ULBP3 expression. Treatment with 5-Aza enhanced ULBP3 expression in NECs from smokers, but not nonsmokers (Fig. 4) , suggesting that pharmacological demethylation can reverse the effects of CS exposure on ULBP3 expression in NECs.
Confirmation of ULBP3 in the context of viral infection. ULBP3 belongs to the family of UL16-binding proteins (ULBP1-6), which are ligands for the receptor NKG2D, found on cytotoxic lymphocytes, such as NK cells and CD8ϩ T lymphocytes (7) . Expression of NKG2D ligands, such as ULBP3, is enhanced in stressed epithelial cells, cancer cells, and virus-infected cells (5, 26) . Therefore, we determined whether DNA methylation of ULBP3 in NECs from smokers affects expression of this ligand in the context of viral infection. Differentiated NECs from smokers and nonsmokers were infected with Influenza A virus and subsequently analyzed for ULBP3 expression using flow cytometry. 
DISCUSSION
NECs are major targets for CS exposure, both in smokers and those exposed passively through secondhand smoke exposure. Previous studies conducted by our group have demonstrated that smokers differ in their ability to respond to viral infections, as marked by increased viral replication, suppressed type I interferon responses and decreased activation of NK cells (17, 19, 25) . These responses were associated with DNA methylation of specific antiviral defense response genes in NECs from smokers (19) , encouraging us to systematically identify additional changes in DNA methylation that could mediate the impaired antiviral defense responses seen in smokers in vitro and in vivo. To do so, we first employed a genome-wide assessment to examine differences in DNA methylation patterns in NECs from smokers and nonsmokers. Secondly, we selected an a priori set of genes related to host defense responses potentially expressed in NECs. Using this approach, we identified a group of five genes differentially methylated in NECs from smokers (CCL2, FDPS, GSK3B, SOCS3, and ULBP3). Subsequent confirmation studies demonstrate that smoking-induced hypermethylation of ULBP3 leads to its suppressed expression in NECs from smokers in the context of viral infection. Thus smoking-induced effects on epithelial cells leading to gene silencing of ligands for cytotoxic lymphocytes, such as ULBP3, may contribute to the enhanced susceptibility to viral infections seen in smokers.
Our analysis identified ULBP3 as hypermethylated in NECs from smokers, resulting in decreased expression in these cells. This effect could be reversed by treatment with the demethylating agent 5-Aza, suggesting a direct link between smokinginduced DNA methylation of the gene and suppressed expression in NECs. ULBP3 belongs to the family of ULBPs, which were originally identified as ligands for the UL16 glycoprotein of the human cytomegalovirus (9) . ULBPs are considered MHC class I-related molecules and are strong activating ligands for NKG2D, which is a surface receptor expressed on lymphocytes, including NK cells, cytotoxic T cells, as well as ␥/␦ T cells (2) . ULBPs are expressed on stressed epithelial cells (5), and we have recently shown that their expression can be induced in NECs by the oxidant pollutant ozone, which we demonstrated affects lymphocyte function (24) . In the context of viral infections, expression of ligands for NKG2D, such as ULBPs, by infected host cells targets them for detection and elimination by cytotoxic lymphocytes, such as NK cells (26, 32) . Consequently, inability to enhance the expression of ULBPs by virus-infected cells, as shown by us here (Fig. 5) , would result in decreased recognition by NK cells and T lymphocytes and impaired activation of cytotoxic lymphocytes through ULBP-NKG2D interactions. Differentiation of NECs in vitro takes several weeks, suggesting that the smokinginduced epigenetic changes of ULBP3 are not readily reversible. We have previously shown that virus-induced NK cell activation is reduced in the nasal mucosa of smokers (17) . These studies demonstrated that smokers inoculated with liveattenuated influenza virus (LAIV) vaccine had reduced cytotoxic NK cells and markers of activated NK cells in their nasal lavage (17) . In a similar study, we demonstrated that LAIVinduced recruitment of ␥/␦ T cells into the nasal mucosa is impaired in smokers (16) . Thus smoking-induced gene silencing of ULBP3 in NECs could lead to decreased NK cell and ␥/␦ T cell function in the nasal mucosa in the context of viral infection and result in impaired ability to recognize and eliminate virus-infected host cells.
Smoking-induced suppression of ULBP3 expression could have implications beyond mucosal immune defense responses. Decreased ULBP3 expression has been shown in tumor cells, thus favoring evasion from recognition and killing by NK cells (38) . Consequently, enhancing expression of ULBP3 has been suggested as a potential therapeutic target to increase recognition and killing of tumor cells by NK cells (10) . Moreover, ULBP expression correlates with improved survival in patients with cancer (29) . Thus, in addition to having important roles in cell-cell communication during host defense responses, gene silencing of ULBP genes could have significant implications for the development and progression of smoking-related cancers.
Our data demonstrate that SOCS3 was hypomethylated in NECs from smokers, which was associated with enhanced expression of SOCS3 in these cells. SOCS3 is a member of the SOCS or STAT-induced STAT inhibitor family, which includes SOCS 1-3 (21) . These proteins are cytokine-inducible negative regulators of cytokine signaling. SOCS3 is a key regulator of JAK signaling, which is activated by interferon receptors, and is therefore considered a key negative regulator of interferon, particularly type I interferon-induced signaling (4). Several viruses, including influenza virus, have developed mechanisms to enhance SOCS3 expression in host cells to inhibit interferon signaling and therefore evade antiviral defense responses (27) . Similar to our data shown here, chronic exposure to CS increased SOCS3 mRNA levels in the lungs of mice (14) . However, these exposures did not induce any changes in SOCS3 protein levels in whole lung homogenates, indicating that either additional posttranscriptional regulation of SOCS3 or more cell type-specific changes, which are not reflected in whole lung homogenates, may play important roles.
Using genomic DNA from NECs from six healthy smoking and six healthy nonsmoking adult volunteers, our study analyzed DNA methylation in specific gene promoter regions. The Illumina Infinium assay was used to measure methylation levels of more than 27,000 CpG sites across the promoters of over 14,000 genes (3). We recognize that this technology does not measure potential changes in DNA methylation levels across the gene, or intragenic methylation, which can also play a role in regulating transcription (34) . Still, the current understanding of transcriptional regulation via DNA methylation centers around CpG methylation within gene promoter regions (34) . Of the 390 genes identified to have differential DNA methylation in NECs from smokers, 84% were hypomethylated. Smoking has been associated with global hypomethylation in patients at risk of developing squamous cell carcinoma (28) . Smoking has also been associated with altered methylation in specific oncogenes or tumor suppressor genes (31) . DNA methylation is in part regulated by the activity of DNA methyltransferases (DNMTs) and the availability of methyl donors in the cell. We have previously demonstrated that DNMT1 expression is enhanced in NECs from smokers (19) . S-adenosyl-methionine (SAM) is the primary methyl donor used by DNMTs, and previous studies have shown that in guinea pigs chronic nicotine exposure decreases the levels of SAM in the lung (12) . Thus the genome-wide tendency for hypomethylation of genes could be derived from limited methyl donors available in NECs from smokers.
In conclusion, our data demonstrate that smoking induces differential DNA methylation patterns in NECs and that these changes can be functionally integrated with smoking-induced alterations in host defense responses. It is well known that smoking impairs responses against microbial infections, and our data propose that epigenetic modification of immune genes is a potential mechanism mediating this effect. Similar to the NECs studied here, it is likely that host defense responses in lower airway epithelial cells are modulated by epigenetic effects. The nasal epithelium resembles the airway epithelium morphologically, and smoking-related gene expression as well as histological changes, such as mucus production, are similar in nasal and airway epithelial cells (13, 19, 36) . In airway diseases such as asthma, previous studies have demonstrated that DNA methylation changes in NECs from asthmatic children were associated with disease parameters in this population (1) , suggesting that epigenetic modification in NECs can reflect changes in the lower airways. In addition, whether and to what extent smoking cessation would be able to revert these epigenetic effects are unclear. Analyzing gene expression profiles in never, current, and former smokers have shown that some, but not all, smoking-induced gene expression changes are reversible and return to the levels of never smokers after smoking cessation (35) . Thus reversal of smoking-induced changes in DNA methylation will likely be gene specific. Future studies will be able to determine whether and to what extent smokinginduced DNA methylation patterns are reversible.
